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1.0 SUMMARY 

The defined Apollo circwnlunar mission requires a continuous 
spacecraf't-ground l ink with the possible exception of the t ransi t  
around the fa: side of the moon. The limitations of available and 
proposed ground systems indicate a necessity for a sequence of two 
tracking phases: earth proximity and deep space. 

Microlock, Minitrack, and existing Mercury ground stations (with 
the proposed increased range Verlort radar) are adequate for earth 
proximity tracking and communication. Other usable systems for  earth 
proximity tracking include the AZUSA Mark I1 and the Spacescan, but a 
number of stations, other than those presently planned, would.have t o  
be constructed t o  effectively use these systems. 

The D. 8: I. F. TRAC(E) system presents a m i n i m  power tracking 
and communication system for deep space. The TRAC(I2) depends on' 
s t a t i s t i c a l  methods for  accuracy which correspondsto a position error 
of 50 nautical. miles at 1unar.distances. Without th i s  s t a t i s t i c a l  
method, the inherent system capability allows an error of 400 nautical 
miles. The M2stram presents the most accurate tracking system (approach- 
ing an estimated positional error of 5 nautical miles a t  lunar distances), 
but does not offer a desirable technique for telemetry. Other systems 

1 
that  could be used for deep space tracking include the Millstone and the 
highly accurate Haystack. In addition t o  beacon tracking, both the 
Millstone and Haystack systems are also well-suited t o  skin tracking, 
approaching 2,300 and 14,000 nautical miles, respectively, for a 1-meter2 
target. 

Sa te l l i t e  relay stations could be' deployed beyond the moon's shadow 
and used as $ means of removing lunar blackout when the spacecraft 
encircles the f a r  side of the moon. 



The purpose of t h i s  paper i s  t o  present basic d-escriptions and 
cha rac t e r i s t i c s  of s e v e r d  trnclring systems suli.to,ble f o r  v.se i n  
connection with a Pro jecb ApolLo- type vehic le ,  The 3.nfoma.tioii 
presented herein i s  intend-ed t o  be used as a, mea.nn of eompa,ring t he  
various e s sen t i a l  cl-rarac-teris-Lics of some sy.steks tha-k a r e  current ly  
avai lable  o r  w i l l  be e,vaEla.ble with-in the  time schedule of 
Project  Apollo . A l l  conlputa,tion has been based on optimum opera,ting 
circumsta,nces with no regard f o r  c i r c u i t  mexgin, Va,riation of such 
parameters as  decreased receiver  sensit ivi-by clue t o  s ide  lobe ground 
r e f l e c t i on ,  hard>ra.re losses ,  t r u e  pa,th 1-osa a,s a, Rinction of antenna 
pointing mgle at f frequencies whlch present addi t  i o n d  ionospheric 
losses ,  e t c  ., must be considered i n  a f inal .  ana lys i s ,  R l i s L  of 
references i s  presented i n  sect ion 5,Q which gives more d e t a i l  t a  t h e  
systems described here in ,  



Ec_tr. th prow mity range i s  dei'i ned ~ $ 3  Lhat d i s  1,anee froxi the  ground 
which extends LO approxima,tely 7,000 naxt icnl  miles f rorn t he  sua*f a c t  
of t h e  ca r th .  

The established rle tworks of ryli erolock a,r~d/or Minitrack systems 
should be used since t h e i r  s e n s i t i v i t i e s  recp~i re  a r e l a t i ve ly  s x i d L  
anlount of spacecraft paver, For a. d i s t m c e  of 7,000 naut ical  miles: 
t he  required vehicle transniitted ca r r i e r  power f o r  t he  Microlock &nd 
Minitsaclr i s  15 rnil l iwatts  itid 200 mill iwatts ,  respectively.  So th  
systems have telemetry capabi l i ty .  

The follot .~ing subsections describe b r i e f l y  other systems which 
could auginent t he  Microlock md Kini traclr 
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3.1.1 Mission Application 

Telemetry 

3.1.2 System Description 

Onboard transducers measuring such phenamena as heat, 
velocity, acceleration, EKG, etc., are used to 'modulate the 
vehicle transmitter and provide in-flight real-time data to the 
ground. The four predominantly used telemetry systems are: 
PDM/FM, FM/FM, PCM/FM, and PAM/FM. 

PDM/FM ( pulse-duration-modulation/frequency modulation) 
is used when a large amount of informatioa channels can be 
time-shared. The outpwt of each transducer is sampled by a 
commutator. 'The output .of the commutator is applied to a 
keyer which converts the sampled signals from varying amplitude 
pulses to constant amplitude, variable width pulses. The 
variable width pulses are then applied to subca,rrier oscillators 
which frequency-modulate the transmitter. 

FM/FM (frequency modulation/frequency modulation) systems 
use the transducer outputs to frequency-modulate a subcarrier 
oscillator. Eighteen subcarriers can be used simultaneously 
to continuously monitor 18 variables. If additional information 
is required, one or more channels m y  time-share other subcarriers. 

PCM/FM (pulse-code-modula,tion/frequency modulation) IS a 
digital telemetry technique useful when high data rates and high 
accuracy are desired. A commutator samples the transducer 
voltages. The output of the commutator is applied tc a coder which 
transforms the voltage samples into binary forn. The R.F. carrier 
is then frequency shift-keyed by the coded pulses. 

PAM/FM (pulse-amplitude-modulat ion/f rcquency modulation) 
systems use a comutator to sample the ou$put of ea,ch transducer. 
The output of the commutator is a series of consta,nS; i<i.dth, 
variable amplitude pulses which frequency~p~odvlate a :;.r~bcarrier 
oscillator. The subcarrier oscillator tllen f'requemy-modulates 
the transmitter. 



3 1 3 l<ar~i;t.: ---- tilid L im i-lat,~.ons - -- - ..-- 

Using a Ple-rcury system consist ing of a t r i - h e l i x  antenna,, ; T I ~  

S+N of 10 db, a vehicle trxns- X.F. ba,nd~ii.dth of 100 kc, :ind an --- N 
mitted power of l > , 5  i.;rould a f ford  a range of' 7,000 naut ical  
miles. 

3 . 4  -- Geograpl~ic Location - 
Mercury s t a t i ons  and nl iss i le  ranges. 

3.1.3 s t a t u s  .- 

The telemetry subsystems described herein a r e  present ly  
avai lable  and can be u t i l i z e d  In  the  f i r s t  phase of Apollo. A 
telemetry band change (and consequent system change) w i l l  be 
implemented around 1,970.. 

3.1.6 System Character is t ics  

3.1.6.1 Ground Telemetry Antennas 

7-Turn Helix --- 

12 db (av, ) 

45' conical  (av. ) 

Pola,ri zat ion Right c i r cu l a r  

Frequency. Band 23-3 .h;o 260 me 

Gain 18 $0 (av. ) 

Beadmi  dth 18~ conical ( ?LV. 

Polar izat ion Right o r  lefk c i r cu l a r  

Frequency Band 215 &o &a m 
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Tri-lIe1J.x - 
Ga,in 18 4b (a,v. ) 

Beamwidth 20' conical (av. ) 

Polarization Right c ircular  

Frequency B a n 6  215 t o  260 

TLM - 18 --- 

Gain 28 d% ( av. ) 

Beamwi dth 5j0 conical (8' when nutating) 

Polarization Right c ircular  

Frequency Band 215 t o  246 mc 

3.1.6.2 Telemetry Receivers 

Present capabi l i ty  includes the following systems: 

PDM/FM 

Variable Bandwidth Receiver - 
R F  Frequency Range 216 to 260 mc 

i!. F, 8 db ( m a x  3 

Video Bandwidth 1 kc - 1 m (variable) 

Fixed Bandwidth Receiver -- -- 

RF Frequency Range E L ~  - t ~  260 mc 



Fixed Bendwidth Rec 

RF Frequency Range 216 t o  260 mc 

N.F. 8 db (max. ) 

I, F. Bandwidth LOO lrc and 50 kc (selectable) 



'. 8  . d. 
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3.2 Spacescan 

3.2.1 Mission Application 

Tracking 

3.2.2 System Description 

m This is a passive system providing spacecraft position, 
velocity, and trajectory . Two pair of scanners ' are placed 

to gach other on the ground. Each $canner provides a 
7 - 

flat beam of $ in the scanning direction and looo in the direction 

transverse to the scan. A simple triangulation method of measuring 
three angles is used. A11 scanners continually sweep predetermined 
sectors, affording instantaneous antenna angular information, 
station identity, and station location on the transmitted beam. 
The information is transmitted to the vehicle in the form of a 
pulse distance modulation. The spacecraft then computes its 
position, velocity, and trajectory. It may telemeter this infor- 
mation back to the ground station. 

The system requires no ground data transmission network or 
central computation as compared to other multiple antenna systems. 

~ange and Limitation 

A range of 7,000 nautical miles is attained if a vehicle 
receiver sensitivity of -71 dbm is used. Operating at KU band will 
minimize plasma sheath, ionosphere, and RFI problems but will 
present greater free space loss per distance travelled than'nomal 
deep space frequencies of 100 to 10,000 mc. 

3.2.4 Geographic Location 

None 
.E: . . 8 3  3.2.5 Status 

Proposal stage 

3.2.6 System Characteristic2 , 

Ground antenna 

Half -power beamwidth 

Antenna ~ain/~sotro~ic 
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Accuracy of angular inf  orrnat ion O.O1° 

Ground Receiving Systen: 

None required 

Ground Transmitting System 

Frequency 

Transmitter power 

Pulse spacing 

13 and 16 kmc 

500 kw 

16 t o  96 US 
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3 a 3.1 vt 5 s i on  &~d..~~d..~gg 

This I, a r i d ,  phase C O I I ~ ~ ~ L - ~ S O ~  system measuring two d i rec t ion  
cvslvlcs, dtrr cosine r a t e s ,  range, and coherent range. An in te r fe ro-  
nwteu. melJ!i,d i s  used t o  obtajn d i rec t ion  cosines and cosine ra tes .  
Rang2 ;; determined by a phase delay of a ground-supplied frequency 
mod1 lui.ion which i s  retransmitted by the spacecraft  transponder, 
Coherent c a r r i e r  phase t racking provides highly  accurate  incremental 
range values, 

The sys-tem has nine receiving antennas and one transnnitting 
m1-C enna, 

For a rmige ~f 7,000 nau t i ca l  n i l e s ,  a vehic le  mkenna gain 
of 20 db ,  receiver  s e n s i t i v i t y  sf -71 dbm and t ransmi t te r  power of 
8 T~TP,+ ( ,s  could be used, 

'i'he AZUSA w i l l .  not "Lack e, cross-polarized s ignal ,  i. e., if 
0 

pala.r i ty changes by 90 durlng fli .ght, complete l o s s  of s i gna l  
occurs* The pcllarizatiorl of t he  ground an temas  i s  adjusted f o r  
ail optimum, dependent on the expec-bed spacecraf t  mtenna pa,ttcrn. 
Rulls  i n  excess of LO db g r ea t l y  reduce t h e  sys",m's capabL1ii;y 
xlnd eoul-d r e s u l t  i n  complete l o s s  of t rack,  

C&pe Canavcral, Florida 

3.3.5 Status  

Operational 



3.3.6 System Characteristics 

Ground Antenna 

Antenna ~ a i n / ~ s o t r o ~ i c  35 db 

Accuracy 
6 

Direction cosine : S O  par ts / l0  rms 

6 
Range : f i 0  f t  + 5 p a r t s / l ~  rms 

Tracking Rate 30,000 f t / s ec  i n  range 

0.1 cos/sec i n  angle 

Ground Receiving System 

Signal required a t  
receiving antenna -130 dbm 

Frequency 5,000 * 0.75 mc 

Ground ~ransmikt  ing System 

Frequency 5,060 k 0.75 mc 

Transmitter power 2 b y  



3 .4"2  System Descrfption 

This i s  a C-band pulse radar providing real-time s l a n t  
rc~llgt', azimuth and e levat ion angles. The system caa be used f o r  
skin traclring or  with a beacon f o r  extended range. 

3.4.3 Range and Liniitations 

2 The present A N / F P S - ~ ~  cml skin  t r ack  a Zm vehicle  t o  
131 ntx~xtical miles. A vehicle transmitted power of 1-35 watl;s and 
t r ~ ~ ~ n s p o n d e r  receiver  s e n s i t i v i t y  of -65 dbm would al-low automatic 
t ra ,eking t o  7,000 rlcl;txtic&l miles i f  t he  t h r ee  nlegawatt modif i .cation 
l r i t  were used. 

3 I i Geographic Location 

Mercury s t a t i ons  and miss i l e  ranges. 

Modification k i t s  increasing t he  tunable t ransmit ter  power 
t o  3 mega~~zt-Ls axe avai lable .  Present plans ec~~.ks-ist of modif yl.ng 
t h e  .AQ/FPS-16 systems at  t h e  miss i l e  :ranges .to afford 8. t rans-  
m i t t e r  pover of 5 r n e g a ~ ~ t t  8 .  

Since t he r e  a r e  many versions of t h i ~  radar i n  t h e  f i e l d ,  
nominal cha rac t e r i s t i c s  w i l l  be presented. 

Ground Antenna 

Ilalf power beamwidth 

Pointing a,ccuracy 0.1 m i l  ~ I L  



Trackfng sate 

Range 

Az imut h 

Elevation 
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Frequency 7,400-5,900 mc (tunable) 

Minimum discernible  s igna l  -100 dbm 

Signal required f o r  a~ltomatic 
range tracking , -93 d-bm 

Frequency Fixed: 7,480 k 30 mc 

Tunable : *7,400-5,900 mc 

Transmiti,, power (peak) 4 Hw ( f ixed)  

Transmitter power (peek) 250 k ~ r  (tunable) 



3.5 Mod I1 Verlorz 

This i s  an extended range SCR-584. The system i s  a pul-se 
type, xrit,lsuring azimxrth and e levat ion angles, s l a n t  range, a l t i t ude ,  
and x-y ground posit ion.  The system can be used f o r  skin  t racking 
o r  with a beacon f o r  extended range, 

3.5.3 - Range and Liimita.tions 

T present Mod 11 Verlort  can skin t rack  a l m 2  vehicle 
t o  60 nau t ica l  miles. A vehicle transmitted power of 125 watts 
would be su f f i c i en t  f o ~ ~  the present ground s t a t i o n  t o  receive 
spacecraft  r ep l ies  a t  7,000 naut ica l  miles but  a,n increased power 
f o r  t he  V c r l g r t  t ransmit t ing system i s  required t o  in te r roga te  
a Me;-cury-- type transponder. 

Benii* ~a 
'ior!,h\qe,;-, A f l  i z  
West; Austral i r -  
Ifa~>~e,i i 
Southern Cal:fornia, 
West flex ico 
S i \ ' ! C  - vc -, 3 

3.5.3 S' acus 

A program to modify t he  Verloi-r system t o  afford a t r a m -  
mi t t e r  power of 3 ~negawatts and an increased ankenria gain of 
32 db has been underta,l<en, 

3,1j.6 System Cha17a.c-teristicg - 

:In1 f po-trer beamwid tk! 

Antenna ~a in /Tso t rop i e  
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Pointing accuracy 

Tracking r a t e  

Ground Receiving System 

Frequency 

Minimum discernible signal 

Signal required f o r  automatic 
tracking 

Frequency 

Transmitter power ( ~ e a k )  

PRF 

1.0 m i l  

50°/sec 

2,700 - 2,950 mc (turnable) 

-103 dbm 

2,700 - 2,900 me (tuna701e) 

250 kw 

410, 512, and 584 pps 
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11. O DEEP SPACE TRUICITaC: A-I' COWIC_AITION 

The Deep Space region i s  defined a s  t h a t  domain beyond r(,OOO nauti-  
c a l  miles of t h e  ea r th ' s  surface. A t  t h i s  p o i f ~ t  and beyond i n  space, 
t h r ee  properly positioned s t a t i ons  located 120 apar t  on t h e  earth 
would be su f f i c i en t  t o  insure  continuous acquis i t ion of t he  spacecraft .  



4.1.2 '">is 1s a L L ~  tracking system which measures two angles, 
radial : S o (  ' L y  and range. TRAC(E) provides three channels of 
telemei-rry ' 1/PM), a command link, and a UI-El? transmitter for ground 
to spacecraft communication. Extremr: tracking sensitivities are 
realized in this system due to its usage of a very narrow bandwidth 
made p~sslll~~e by phase-locking techniq~zes, The received signal is 
passed through a filter Loo narrow to pass the modulation fre- 
quencrles, thus permitting only the average carrier frequency to be 
tracked. The modulation frequencies are passed through wider 
filters 4,0 present the raw telemetry data. 

A mobile station ; s used 1les.r. the launch site to provide 
telemetry, command, 2nd tracking of' the spacecraft from injection 
to about 10,000 miles altitude, 

2RAC(F) c:in track to 1~1r1ar distances If a carrier power of 
I (10 q'! iir t ts is radiated from the spacecraft. 

0 ,YLt~l~~ulgrl thc o,equ~sition accuracy is listed as 0.1 , a 
;;e t t e r  resol r i i i  nn 16  obtained by the progran~ed use of minimizing 
the ~ums of the squares of the observation error (statistical 
"leas-t sq7xaresf' met-hod). Computed absolute spacecraft position 
-tprs7aches a t - i e ~ m c e  of 30 nautica! miles at lmar distances. 

. 1 Geographic Loco.tf on 

Cape Canaveral 
Goldst one 
Puerto Rico (mobile) 

fn Its pi ent configuration, TRAC(E) measures a one-way 
D o p j ~ ~ e r  shift iznd thus depends on spacecraft oscillator stability 
for accuracy. Future site locations will include Johannesburg, 
South Af'rica and Woomera, Australia for full deep space traclring 
capa.SI.1 i.1, y. An additional mobile station is planned for operational 
:ISC i n  1'8.13. 
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Future rnodification~, to  the  TRAC(E) include a two-way Doppler 
measurement (1961), and a ranging system using a 2ll5/2295 mc 
transponder  a arch 1963 ) 

4.1.6 Present System Character is t ics  

Ground Antenna (85-foot) 

Half power beamwidth 0.8' 

Antenna ~ a i n / ~ s o t r o ~ i c  41.1 db 

Acquisition accuracy 0. lo 

Tracking r a t e  1°/sec (max. ) 

Ground Antenna (10-foot, mobile) 

Half power beamwidth 9. o0 

Antenna ~ a i n / ~ s o t r o p i c  22 db 

Acquisition accuracy 0.05' 

Tracking r a t e  loO/sec (max) 

Ground Receiving System 

Frequency 

Tracking bandwidth 

955 t o  965 mc 
(ad just  able)  

20 cps and 60 cps 
(selectable)  

Telemetry bandwidth 0-3.5 kc 

Noise f igure  7.5 db (mx) 

Ground Transmitting System   or u s e ~ \ l ; t , h  85-foot antenna) 

Frequency 890 mc and 960 mc 

Transmitter power 10 Itw 
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Frequency 890 mc 

Transmitter power 

4.1.7 Proposed System Character is t ics  

Ground Antenna (85-foot ) (flug. 1962 ) 

IIaM power beamwidth 0.4' 

Antenna Gain/lsoti^opic 51 db 

Frequency 2295/2115 mc 

Ground Antenna (10-f oot, mobile)  an. 1963) 

Half power 3can1ridth 3. 0' 

Antenna, ~ a i n / l s o l ; r o ~ i c  32 db 

Frequency 2295/2113 mc 

Ground Antenna (200-300 f t )  ( ~ e c .  1964) 

Half power beanwidth 

Antenna ~ a i n / ~ s o t r o p i c  

Frequency 2295/2115 mc 

Ground Receiving System ( A U ~ ,  1962) 

Frequency 2295 + 5 mc 

Tracking bandwidth 3-250 cps 

Telemetry bandwidth 0-1 mc 

Ground Transmitting System  o or use with 83-f;t antenna) 

F req~~ency  

Tr8,nsmitter power 
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Frequency 21-13 f 5 niac 

Transmitter power 25-200 watts 
undetermined) 
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4.2.1 Mission Application 

Tracking and telemetry 

4.2.2 System Description 

This is a iong baseline Interferometer system, measuring 
range an6 range-rate. Mis-tram uses five linearly polarized 
antennas whose feed systems may be rotated. The Mistram tracks 
the spacecraft polarization vector and positions the feeds for 
a maximum received signal throughout the flight. Two ground 
carriers are transmitted to the transponder in the vehicle. One 
carrier is kept at a fixed frequency stabilized on the order of 

8 
one part in 10 (long cerrn). The other is a signai which is 
swept in frequency to provide a calibration of unambiguous range. 

The transponder used is composed of a. klystron which is 
locked to each sigml from the ground. l%e transponder then 
provides a coherent offset and retransmits the signal to the 
earth. 

In order to provide telemetry and command on the tracking 
carrier, the ilzforrnation would have to be phase-modulated on a 
subcarrier ~fhich in turn would have to be amplitude-modulated on 
the carrier. 

4.2.3 Range and Limitations 

In its present design stage, Mistram would afford tracking 
capability to the moon with a positional accuracy of 5 nautical 
miles if a 14-inch parabolic dish were used on the spacecraft 
and properly positioned toward the earth. 

Improved transponder design for deep space application 
has not been considered to date, as the system was designed for 
AFMTC. Present transponder requires 95 watts of primary power 
and has a heat dissipation of 40 watts per square foot. The unit 
weighs 13 pounds. 

The technique of amplitude-modulating a Idys-cron to 
provide telemetry on the tracking carrier is not desirable and is 
difficult to a,ccomplish satisfactorily. A separate carrier 
should be used for telemetry in this system and phase-modulation 
or frequency-modulation methods cmp3.oyed. 
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4,2.4 Geographic Locat ion  

Cape Canaveral, Florida 

4.. 2.5 Status  -- 
The present Mistram project  w i l l  be completed i n  May 1962, 

4.2.6 System Character is t ics  

Ground Antenna 

H a l f  power beamwidth 

Antenna ~ a i n / ~ s o t r o ~ i c  

Acquisition accuracy 
(lunar dis tances  ) 

Ground Receiving System 

Frequency 

Minfmum discernible  s igna l  

Ground Transmitting System 

Frequency (ra,nge ) 

Frequency (ca l ib ra t ion)  

Transmitter power ( 2 )  

7884 t o  7892 ntc 
( swept) 

500 watts 
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4.3 Iraystack 

4.3.1 Mission Application 

Tracking 

4.3.2 System Descrip-Lion 

This i s  a pulse radio-comunicaf~ion system which could be 
modified to a very long range ax& angle tracking radar. A s teerable  
parabolic mltcnna of 120 f e e t  i n  planned. 

4.3.3 Range ~.nd. _&imitation 

l IayJ toc l i  *,mi , I t l l ~  trrjcr: s lrnf t a rge t  t o  34,000 nau t ica l  
miles. A vehi c l e  t ransmit t~~d power of 70 milliwa,tts would allow 
the  IJaystac:: t o  beadcon-traclr a s p e c e ~ r a f ~  t o  t h e  moon. 

[&. 3.4 Geographic L w a t  ion - 

Massachusetts 

4.3.5 Sta tus  -- 

Devel.opnent. s tage 

4.3.6 System Characterist ics 

Ground Antenna -- 

Half power beamwidth 0.07' 

Antenna ~ a i n / ~  sotropic  67 db 

Pointing accuracy 0. 005' any posi t ion 

Ground Receiving System 

Minimum discernible  s igna l  -154 dbm 

Ground Transmitting Syst.em 

L"re quency 8 kmc 

Transmitted power (av. ) 100 kw 

Pulse length  Present ly  undetermined 

PRF Presently- undetermined 



4.4 Millstone 
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ke4-1 Mission Application 

Tracking 

4.4.2 System Description 

This is a pulse coherent Doppler system which provides 
real-time coded range, velocity, and angular rate. The system 
uses an 84-foot parabolic dish which is steerable in elevation 
and range. A conical lobing scan is used. 

4.4.3 Range and Limitations 

Millstone can skin track a 12 target to 2,300 nautical 
miles. A vehicle transmitted power of 400 milliwatts would allow 
the Millstone to beaxon-track a spacecraft to the moon. 

4.4.4 Geographic Locat ion 

Millstone, Massachusetts 

Prince Albert, Saskatchewan 

4.4.5 Status 

Operational 

4.4.6 System Chol-a,cteristics 

Ground Antenna 

Half power beamwidth 2. lo 

Antenna Gain/~sotropic 37 
0 

Pointing accuracy 0 15 each axis 

Ground Receiving System 

Minimum discernible signal -143 dbm 
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Ground. Transmitting System 

Frequency 400 - 450 mc (adjustable) 

Transmitter power (peak) 2.5 Mw (max. ) 

Pulse length 2,0 ms 
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